Partner bands of 126Cs – first observation of chiral electromagnetic selection rules  by Grodner, E. et al.
Physics Letters B 703 (2011) 46–50Contents lists available at ScienceDirect
Physics Letters B
www.elsevier.com/locate/physletb
Partner bands of 126Cs – ﬁrst observation of chiral electromagnetic selection rules
E. Grodner a,∗, I. Sankowska a,g, T. Morek a, S.G. Rohozi ´nski b,c, Ch. Droste a, J. Srebrny c, A.A. Pasternak d,c,
M. Kisieli ´nski c,e, M. Kowalczyk a,c, J. Kownacki c,e, J. Mierzejewski a,c, A. Król f, K. Wrzosek a,c
a Institute of Experimental Physics, Faculty of Physics, University of Warsaw, ul. Ho ˙za 69, PL-00681, Warsaw, Poland
b Institute of Theoretical Physics, Faculty of Physics, University of Warsaw, ul. Ho ˙za 69, PL-00681, Warsaw, Poland
c Heavy Ion Laboratory, University of Warsaw, ul. Pasteura 5A, 02-093 Warsaw, Poland
d A.F. Ioffe Physical Technical Institute, 194021 St. Petersburg, Russia
e A. Sołtan Institute for Nuclear Studies, 05-400, ´Swierk, Poland
f Division of Nuclear Physics, University of Łódz´, 90-236 Łódz´, Poland
g Institute of Electron Technology, Al. Lotników 32/46, 02-668, Warsaw, Poland
a r t i c l e i n f o a b s t r a c t
Article history: 
Received 25 November 2010 
Received in revised form 20 June 2011 
Accepted 22 July 2011 
Available online 28 July 2011 
Editor: V. Metag
Keywords: 
126Cs 
DSA 
Lifetimes 
B(M1)
B(E2)
Chiral symmetry 
Chirality 
Osiris II
The lifetimes of the excited states belonging to the chiral partner bands built on the πh11/2 ⊗ νh−1 11/2
conﬁguration in 126Cs have been measured using the DSA technique. For the ﬁrst time the large set of 
the experimental transition probabilities is in qualitative agreement with all selection rules predicted for 
the strong chiral symmetry breaking limit.
The selection rules originate from two general features of a chiral nucleus, namely, from the existence 
of well separated left- and right-handed systems built of three angular momentum vectors and extra 
symmetries appearing in addition to the chiral symmetry breaking.
The B(M1) staggering resulting from these additional symmetries is sensitive to triaxiality of odd–odd 
nuclei as well as conﬁguration of valence particles.
© 2011 Elsevier B.V. Open access under CC BY license.1. Introduction
In the present Letter, spontaneous breaking of chiral symmetry 
is studied in the 126Cs nucleus via lifetime measurements of the 
excited levels. In the simplest case chiral symmetry breaking takes 
place in doubly odd triaxial nuclei. These nuclei can be looked 
upon as a coupling of three elements: even–even core, odd pro-
ton and odd neutron, each with its own angular momentum. In 
the 126Cs case, where the odd proton possesses particle-like and 
the odd neutron hole-like character, the energy is minimized when 
the three angular momentum vectors are mutually perpendicular 
forming a system with speciﬁed handedness either left or right. 
Spontaneous selection of one speciﬁed handedness breaks the chi-
ral symmetry.
The possibility of spontaneous breaking of chiral symmetry has 
been predicted by various model calculations [1–3]. These calcu-
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doi:10.1016/j.physletb.2011.07.062lations suggest the existence of two almost degenerate rotational 
bands (chiral partner bands) with characteristic electromagnetic 
properties. The chirality phenomenon has been searched for by 
lifetime measurements in several nuclei [4–7]. Up to now the elec-
tromagnetic transitions observed in 128Cs [4] were the best exam-
ple in which some expected γ -transition rules were approximately 
fulﬁlled.
In the study of 126Cs presented herein, the ﬁrst observation of 
the full set of gamma selection rules predicted for strong chiral 
symmetry breaking is reported. It is intriguing why characteristic 
B(M1) staggering along the partner bands is observed only in the 
cases of 128,126Cs.
It is shown in Section 3 that only a part of the gamma se-
lection rules relates to spontaneous breaking of chiral symmetry, 
another part – staggering of the B(M1) value – results from addi-
tional symmetry of the nuclear Hamiltonian (named S-symmetry) 
that can appear in addition to spontaneous chiral symmetry break-
ing, see Ref. [8] for details. The complete set of gamma selection 
rules observed as presence of the characteristic B(M1) staggering 
conﬁrms appearance of the extra symmetry in Cs isotopes.
E. Grodner et al. / Physics Letters B 703 (2011) 46–50 47Fig. 1. Relevant part of the level scheme of 126Cs. The arrow widths are proportional
to the corresponding branching ratios.
2. Experimental
The partner bands of 126Cs built on the πh11/2 ⊗ ν−1h11/2 con-
ﬁguration, see Fig. 1, were populated in the 120Sn(10B, 4n)126Cs
reaction. The 10B beam of 55 MeV energy was provided by the
U200P cyclotron located at the Heavy Ion Laboratory of the Uni-
versity of Warsaw. About 109 γ − γ coincidences were collected
by 12 ACS HPGe spectrometers of the OSIRIS II array placed at an-
gles 25◦ , ±38◦ , ±63◦ , ±90◦ , ±117◦ , ±142◦ , 155◦ with respect to
the beam direction. Lifetimes of the excited levels were measured
by the Doppler Shift Attenuation (DSA) method. The 40 mg/cm2
thick 120Sn target played simultaneously the role of a stopper. The
Doppler broadened line-shapes of the γ -transitions were analyzed
using the methods described in detail in Ref. [9]. At the begin-
ning of the line-shape analysis the distribution of entry states was
calculated with the kinetic energy loss of the projectile moving
in the target accounted for. The feeding times due to unobserved
transitions from entry states to the studied levels were calculated
from the side-feeding model [10]. The parameters of the model
were experimentally determined from an analysis of the highest
energy levels and intensity distributions in the 132La, 128Cs [4] and
126Cs nuclei (see Fig. 2). The feeding times due to observed tran-
sitions were taken into account since all experimental branching
ratios and known lifetimes were used as input parameters to the
line-shape analysis. Extraction of lifetimes was done step-by-step,
starting from the upper levels and taking into account all feeding
cascades. With the software used [9] the effect of γ − γ corre-
lations in a spectrum summed over several detectors was taken
into account through correlation coeﬃcients given as input pa-
rameters. Two spectra were used for extraction of lifetimes: the
forward spectrum, being the sum of the spectra from the detec-
tors placed at angles 25◦ , ±38◦; and the backward spectrum, being
the sum of spectra from the 155◦ , ±142◦ detectors – as example
see Fig. 2. The stopping power of Cs recoils moving in the Sn tar-
get was measured in additional experiments with the help of the
semi-thick target method (see Ref. [11]).Table 1
Lifetimes of the excited states belonging to the yrast band built on the πh11/2 ⊗
ν−1h11/2 conﬁguration in 126Cs. Gamma intensities Iγ are given in arbitrary units
and absolute transition probabilities in Weisskopf units.
Iπ τ [ps] Eγ [keV] σλ Iγ [a.u.] B(σλ) [W.u.]
21+ 0.51± 0.15 1072 E2 4.1 18+18−4
554 M1 2 0.10+0.10−0.04
20+ 0.68± 0.17 1046 E2 15 23+11−3
518 M1  3  0.04
19+ 0.42+0.15−0.12 993 E2 5.6 25
+17
−5
528 M1 4.3 0.19+0.13−0.04
18+ 0.51± 0.10 961 E2 24 40+13−6
277 M1 5.8 0.55+0.21−0.11
465 M1  3  0.04
17+ 0.83± 0.20 911 E2 15 21+10−3
495 M1 13 0.13+0.06−0.02
274 M1  3  0.12
16+ 0.76+0.19−0.16 879 E2 41 37
+14
−6
679 E2 3.2 11+5−2
253 M1 11 0.45+0.19−0.08
415 M1  3  0.02
15+ 0.68+0.24−0.19 807 E2 18 28
+17
−5
464 M1 33 0.26+0.15−0.04
264 M1  3  0.1
14+ 1.24± 0.32 739 E2 91 60+29−8
343 M1 14 0.08+0.04−0.01
145 M1 4.5 0.31+0.15−0.04
The lifetimes of the rotational states belonging to chiral part-
ner bands built on the πh11/2 ⊗ ν−1h11/2 conﬁguration measured
in the present experiment are given in Tables 1 and 2. The life-
times, together with the gamma line intensities, were used to
obtain the experimental B(M1; I → I −1) and B(E2; I → I −2) re-
duced transition probabilities. The I = 1 transitions are assumed
to be of pure M1 type according to Ref. [12]. In Fig. 3 the experi-
mental B(M1; I → I − 1) and B(E2; I → I − 2) reduced transition
probabilities of the 126Cs nucleus are compared with similar data
measured in the 128Cs and 132La nuclei [4]. One can see that for
126Cs the electromagnetic properties of both partner bands are
similar. The B(M1) staggering for inband transitions is clearly ob-
served for a spin region larger than in the 128Cs case. For the ﬁrst
time interband B(M1) staggering is observed for side → yrast and
yrast → side γ -transitions and has opposite phase to the inband
staggering. The complete set of chiral electromagnetic selection
rules predicted in Ref. [13] is thus experimentally conﬁrmed.
3. Interpretation
It is already known that the observation of nearly degenerate
doublet states with the same spin and parity forming two rota-
tional bands is the characteristic ﬁngerprint of a possible sponta-
neous chiral symmetry breaking. Although parity and spin values
are the same for the doublet members, the partner bands are sup-
posed to be the symmetric and antisymmetric combination of the
left- and right-handed states [2]:
|I,M,+〉 = 1√
2N+
(|L, I,M〉 + |R, I,M〉) (1)
|I,M,−〉 = i√
2N−
(|L, I,M〉 − |R, I,M〉) (2)
I , M being level spin and its projection on the quantization axis, L,
R the left- or the right-handedness of the chiral geometry and N±
48 E. Grodner et al. / Physics Letters B 703 (2011) 46–50Fig. 2. (Color online.) Panel A and B: DSA line-shape analysis of the 18+ → 16+ E2 transition in the yrast band. Thick solid line (red color) shows the peak of interest. Thin
solid line shows ﬁt to fragment of the spectrum. Gray lines show background peaks. Panel C: Values of χ2 vs. lifetime found from the DSA line-shape analysis performed in
forward (solid line) and backward (dot-dashed line) spectrum. Panel D: total γ -ray intensity depopulating a given level in the yrast band. Solid line – intensities calculated
in terms of the side-feeding model. Dot-dashed lines present the uncertainty of the γ -ray intensities given by the side-feeding model that are taken into account in the ﬁnal
lifetime uncertainties.
Fig. 3. Comparison of γ transition probabilities in the partner bands of 126Cs (left column), 128Cs (middle), and 132La (right column). Upper and middle rows – B(E2) and
B(M1) values for inband transitions, bottom row – B(M1) values for interband transitions. The interband B(M1) staggering observed in the 126Cs has opposite phase to the
inband one.the normalization factors. The energy separation E(I) of the dou-
blets depends on the degree of the chiral symmetry breaking [14]
and is nearly constant as a function of spin in 126Cs reﬂecting the
same moments of inertia in both bands (see Fig. 4). The value of
E in the 126,128Cs isotopes amounts approximately 200 keV being
small in comparison with 400 keV in 132La. The latter value shows
that the chiral symmetry in 132La is not broken as strong as in
126,128Cs. This fact should manifest itself in the γ -transition proba-
bilities. The generators of the chiral and rotational symmetry have
been discussed in Ref. [15]. In this Letter the formulae for the elec-
tromagnetic transition matrix elements valid for the strong chiral
symmetry breaking limit are given. For the inband electromagnetic
transition the matrix element reads〈I2,±||M||I1,±〉 = Re〈L, I2||M||L, I1〉
= Re〈R, I2||M||R, I1〉 (3)
whereas for the interband transition it equals to
〈I2,±||M||I1∓〉 = ∓ Im〈L, I2||M||L, I1〉
= ∓ Im〈R, I2||M||R, I1〉 (4)
where M denotes the electromagnetic transition operator of
M1 or E2 type. Here the matrix elements 〈L, I2||M||L, I1〉 and
〈R, I2||M||R, I1〉 are diagonal in the two-dimensional basis-set of
speciﬁed handedness. The above equations show that the B(M1)
as well as B(E2) transition probabilities in both bands should be
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Lifetimes of the excited states belonging to the side band built on the πh11/2 ⊗
ν−1h11/2 conﬁguration in 126Cs. Gamma intensities Iγ are given in arbitrary units
and absolute transition probabilities in Weisskopf units.
Iπ τ [ps] Eγ [keV] σλ Iγ [a.u.] B(σλ) [W.u.]
19+ 0.99+0.28−0.25 1007 E2 5.4 19
+9
−3
17+ 0.78± 0.17 936 E2 20 31+12−4
461 M1 3.5 0.06+0.03−0.01
683 M1  3  0.01
16+ 0.73+0.22−0.20 901 E2 4.8 13
+8
−2
637 M1 12 0.11+0.06−0.02
475 M1  3  0.04
15+ 1.07+0.40−0.30 771 E2 14 22
+14
−4
426 M1 17 0.14+0.09−0.03
969 E2 7.2 3.8+2.6−0.8
626 M1  3  0.006
14+ 0.81± 0.17 672 E2 12 34+13−6
345 M1 6.1 0.09+0.03−0.01
543 M1 46 0.17+0.06−0.02
Fig. 4. Energy separation E(I) of doublet members as a function of spin value for
126Cs, 128Cs and 132La.
identical. This feature is observed in the inband γ -transitions of
126,128Cs isotopes (see upper and middle rows of Fig. 3). The chiral
conﬁguration in 126Cs holds for the spin range 14  I  17, since
the inband B(M1) and B(E2) values in the yrast band are similar
to the corresponding quantities in the side band. The critical fre-
quency introduced in Ref. [3] above which the chiral conﬁguration
develops is thus experimentally estimated as ω  0.4 MeV/h¯ for
126Cs. Although overall tendency of the B(M1) values in 126Cs as
a function of spin for the yrast → side interband transitions agrees
with a similar tendency for side → yrast transitions, differences in
the absolute interband B(M1) values are observed. The interband
B(M1) probabilities are presumably more sensitive to deviations
from the strong chiral symmetry breaking limit than the inband
ones. In contrast to 126Cs the electromagnetic properties of both
bands are systematically different in 132La conﬁrming absence of
the strong chiral symmetry breaking as follows also from the anal-
ysis of the energy levels (see E vs. I in Fig. 4).
Experimental data obtained for 126Cs show that if an inband
M1 transition is strong, the corresponding interband one is weak
and vice-versa. This effect can be explained with help of the
formulae (3), (4) for the electromagnetic transitions matrix ele-
ments. According to these formulae, if the imaginary part of the
〈L, I2||M||L, I1〉 matrix element dominates over the real part then
the interband electromagnetic transition should be in favor overthe inband one. On the contrary, if the dominant part of the
〈L, I2||M||L, I1〉 matrix element is real then the inband electro-
magnetic transition should be strong.
The relation between the real (imaginary) part of the matrix
element and inband (interband) transition strengths as well as
similarity of the electromagnetic behavior of both bands are the
signatures of the existence of left- and right-handed conﬁgura-
tions, i.e. chiral symmetry breaking. Staggering of the B(M1) value
as a function of spin cannot be attributed only to the existence of
the chiral geometry in an atomic nucleus. This effect, as discussed
in Ref. [8], relates to the S-symmetry that can occur in addition
to the spontaneous breaking of the chiral symmetry. In the par-
ticular case when (i) partner bands are built on the particle and
hole states, (ii) odd nucleons are located in the same j-shell, (iii)
a nucleus has maximum triaxial deformation, the S-symmetry is
conserved. If the B(M1) staggering is reduced or vanishes then
some of the above requirements are not fulﬁlled. This statement
ﬁnds experimental support in lifetime measurements of 104Rh [7]
where partner bands are built on different j-shells and 135Nd [6]
where partner bands are built on three instead of two quasiparti-
cle states. Indeed, in both cases staggering of the B(M1) transition
probability is very weak (compared to that for Cs isotopes) or ab-
sent.
A speciﬁc calculation for 126Cs has been done in Ref. [16] in the
framework of the two quasiparticles plus a triaxial rotor model.
The calculated energy spectra as well as the B(M1)/B(E2) ratios
reproduce well the earlier experimental data. However, the calcu-
lated absolute B(M1) and B(E2) transition probabilities are sub-
stantially bigger than the experimental values reported here (factor
of three times for I = 15h¯). It suggests that the deformation of the
real 126Cs is smaller than that used in calculations. The facts dis-
cussed above show that the lifetime measurements present more
stringent test of the theoretical models than the B(M1)/B(E2) ra-
tios do.
Observation of the inband B(M1) staggering in both bands that
is opposite in phase to the interband staggering for transitions in
both yrast → side and side → yrast directions presents ﬁrst so ex-
tensive experimental conﬁrmation of the γ -selection rules in the
chiral bands related to the conservation of the S-symmetry. It pro-
vides a substantial argument for the strong chiral symmetry break-
ing limit as well as for the γ ∼ 30◦ triaxial deformation of the
126Cs nucleus. This conclusion is supported by the Core–Particle–
Hole Coupling model [17] where indeed the staggering effect van-
ishes rapidly when the expectation value of the γ -deformation
deviates from 30◦ . Although in the present experiment the side
band of 126Cs is visible only up to spin I = 17 h¯, this is not the case
of the yrast band where the B(M1) staggering is clearly observed
for I  21 h¯. Therefore, one may expect that chiral conﬁguration in
126Cs holds in the spin range 14 I  21 h¯.
4. Summary
As a result of our DSA experiment 13 lifetimes of the levels
belonging to chiral partner bands of 126Cs and 26 corresponding
absolute transition probabilities were obtained. For the ﬁrst time
the complete set of gamma selection rules predicted for strong
chiral symmetry breaking has been observed together with charac-
teristic B(M1) staggering. The electromagnetic properties observed
in the partner bands of the 128,126Cs isotopes relate to spontaneous
breaking of the chiral symmetry as well as to presence of addi-
tional symmetries expected in these nuclei. The chiral symmetry
breaking leads to the existence of two rotational bands, almost de-
generate with similar electromagnetic properties. Staggering of the
B(M1) value is an additional property originating from the conser-
vation of the symmetries discussed in Refs. [8,13].
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